Fiber-assisted single-photon spectrograph 
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We demonstrate the implementation of a fiber-integrated spectrograph utilizing chromatic group velocity 
dispersion (GVD) in a single mode fiber. By means of GVD we stretch an ultrafast pulse in time in order 
to spectrally resolve single photons in the time domain, detected by single photon counting modules with 
very accurate temporal resolution. As a result, the spectrum of a very weak pulse is recovered from a precise 
time measurement with high signal to noise ratio. We demonstrate the potential of our technique by applying 
our scheme to analyzing the joint spectral intensity distribution of a parametric downconversion source at 
telecommunication wavelength. © 2009 Optical Society of America 
OCIS codes: 320.7140, 320.7150, 300.6190, 190.4975, 270.5570 



The success or failure of many experiments in quan- 
tum optics such as conditional quantum state prepara- 
tion [1,2] or two photon interference depends critically 
on the intrinsic spatio-spectral structure [3] of the light 
used. Recently it has been shown that the use of ultra- 
fast pump pulses for generating non-classical light by a 
non-linear process often leads to a complex multi-mode 
structure [4-7] of quantum states. This is strongly re- 
lated to spectral correlations amongst the different fre- 
quency components of the created photon pairs. The de- 
gree of spectral entanglement between a pair of photons 
is of particular importance since it imposes on the one 
hand a severe limitation upon the purity of heralded sin- 
gle photon Fock states [8], and on the other hand it can 
serve as a resource for quantum communication appli- 
cations. Therefore several groups have recently started 
to control [9-12] and characterize [13-17] the bi-photon 
joint correlation spectra of parametric downconversion 
(PDC) sources. 

In classical optics there exist several methods of spa- 
tially separating individual frequency components of a 
light field [18,19]. Most types of spectrometers can be 
subdivided into two classes: scanning devices and spec- 
trographs. Scanning spectrometers like monochromators 
generally employ moving parts, but they are compar- 
atively cheap to produce for they only require a single 
detector. Yet, this comes at the expense of discarding in- 
formation since they record only one spectral component 
at a time. Spectrographs typically consist of detector ar- 
rays like CCDs to determine all spectral components si- 
multaneously. While this approach is feasible for bright 
light it is too noisy and expensive for single photons. The 
detection technique that is conventionally used for single 
photon sensitivity employs an internal gain mechanism 
that makes use of an avalanche process, as in avalanche 
photo diodes (APD). 

To obtain detailed knowledge about the shape of an 
optical spectrum proves to be extremely challenging on 
the single photon level. The necessity of retaining high 



sensitivity at very low loss greatly reduces the practica- 
bility of conventional spectrometers based on gratings, 
prisms or etalons. Here, we present a cost effective so- 
lution to this problem that enables the precise and ef- 
ficient measurement of single photon spectra for ultra- 
fast light pulses whilst maintaining an excellent signal 
to noise ratio and easy alignment. It has been shown 
previously [20-22], but not developed as a measurement 
technique, that a single photon becomes chirped due to 
group velocity dispersion (GVD) in a fiber. Our method 
exploits the much higher absolute value of GVD avail- 
able in dispersion compensating fibers (DCF) to stretch 
a short pulse such that different spectral components 
map to different arrival times at the detector. As a single 
detector is sufficient to monitor all possible arrival times, 
one can record the complete spectrum of a pulse with- 
out the need for a multi-element detector array. This is 
particularly apposite when measuring a pulse at telecom- 
munication wavelengths where detector arrays are very 
expensive and, in the low photon number case, pro- 
hibitively noisy. Hence, as only a single APD is required, 
our scheme can in principle combine the informational 
advantage of a spectrograph with the economical advan- 
tage of a scanning spectrometer. We demonstrate the 
applicability of our scheme experimentally by measuring 
the single photon marginal as well as joint correlation 
spectrum of a PDC source at a wavelength of around 
1550 nm. 

In the first step, we used the experimental setup de- 
picted in Fig.[T]to calibrate and to investigate the achiev- 
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Fig. 1. Calibration setup: A reference spectrum is cou- 
pled into a DCF (see text). An APD detects the photon's 
arrival time which is subsequently recorded with a TDC. 
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able resolution of the DCF spectrometer, by measuring 
the chromatic GVD in our fiber. A calibration proce- 
dure needs to be performed against a trusted reference 
spectrometer: here, this refers to mapping the travel 
time through the fiber to a specific wavelength. We uti- 
lized a pulsed and tunable optical parametric amplifier 
(OPA) system as the light source and monitored the cen- 
tral wavelength Ac with an optical spectrum analyzer 
(OS A). The beam was strongly attenuated to yield on 
average less than one photon per pulse before being cou- 
pled into a DK-40 dispersion compensating fiber mod- 
ule from Lucent. The photons were then detected by an 
id201 InGaAs APD from id-Quantique with a measured 
temporal jitter of only crr,APD=180ps. We recorded the 
time difference Ar between the electronic laser trigger 
and the electronic response from the APD with a time- 
to-digital converter (TDC) for a set of three different 
spectra with Ac =1531 nm, 1484 nm and 1391 nm, and 
observed corresponding peaks at Ar =1874 ns, 1884 ns 
and 1990 ns. Utilizing the TDC, we were able to quan- 
tify Ar with a precision of 81 ps. 

By relating the peaks from the OSA spectrum with the 
temporal peaks from the time measurement (see Fig. [2j) 
we obtained a calibration curve (inset) for reconstructing 
the entire set of spectra. A least square polynomial fit 
relating the arrival time r to the monitored wavelength 
was used as the calibration curve c(r). It is clearly ev- 
ident from Fig. [2t that the spectral width and shape 
of the OSA measurement overlap well with the recon- 
structed spectra. Although the input pulse is strongly 
attenuated, the DCF measurements show much better 
signal-to-noise ratio, and the side lobe of the darkest 
colored curve is much more pronounced, indicating an 
excellent resolution. 

Furthermore, we investigated the capabilities, poten- 
tial limitations and experimental constraints encoun- 
tered when using our setup for recovering a spectrum. 
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Fig. 2. Calibration using three reference spectra: a) OSA 
reference spectrum, b) Arrival time Ar, c) Comparison 
of original and reconstructed spectra. 



The derivative of the quadratic fit function gives a GVD 
between -O.llns/nm at 1325 nm and -0.25ns/nm at 
1575 nm. With a detection jitter of crr,APD =180 ps, a 
resolution of 0.72 nm can be achieved at 1550 nm. Reso- 
lution can be increased using a longer fiber at the cost of 
higher losses and greater expense. The fit for the calibra- 
tion function c(r) to three calibration wavelengths is an 
approximation that may give rise to systematic errors. 
We estimate these errors to be of magnitude ±0.1 nm at 
around 1520 nm and ±0.5 nm at around 1550 nm. This 
uncertainty poses no principal restriction and can be re- 
duced by using more reference spectra for the calibration. 
If the laser repetition rate is above a certain threshold it 
is possible that several light pulses are present simultane- 
ously in the DCF. This will only cause problems for the 
reconstruction if the spectrum of a pulse is so broad that 
it becomes mixed with the following pulse. We avoided 
this problem by reducing the 80MHz repetition rate of 
our laser down to IMHz with a pulse picker. We deter- 
mined the travel time through the fiber to be 16.6 /is, or 
equivalently a fiber length of 3.3 km. In addition, APDs 
exhibit a wavelength dependent variation of the single 
photon detection probability pd( A). Hence, it is crucial 
to renormalize the recorded click histogram against the 
detection probability PdW if the wavelength range un- 
der observation is too large for Pd{^) to be assumed fiat. 

After having ensured a reliable reconstruction of single 
photon spectra we employed our scheme to measure the 
spectrum of a PDC source. Our setup for this application 
of the spectrograph is shown in Fig. [3^ and allowed us 
to analyze the marginal as well as joint correlation spec- 
trum of the PDC. We pumped an 18 mm long PPKTP 
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Fig. 3. a) Experimental setup for measuring marginal 
and joint correlation spectra of a PDC source (see text). 
Not shown is the programmable delay generator used 
for gating the APDs. b) Measured correlation spectrum 
between signal and idler corresponds to the joint spec- 
tral intensity \F{iJs^Ui)\'^ . A white line marks the 1.9nm 
FWHM of the pump envelope. Solid and dashed contour 
lines are shown for theory and experiment respectively. 



2 



waveguide with a 4/im x 4/im cross section and generated 
a wavefunction of two photons 

|*) = J dcosdcoi F{cOs.oo^)a^{cOs)bHcOi)\0,0) 

with a spectral amplitude function F{uJs^^i)' Our goal 
was to analyze precisely the bi-photonic correlation prop- 
erties of the spectral intensity distribution! F (cj^, cj^) p. 

The PDC process was pumped by an ultrafast pulsed 
Ti:Sa laser system at 765 nm with FWHM of 1.9 nm to 
produce photon pairs at 1544 nm and 1517 nm in a type- 
II process, such that signal and idler photons emerged 
from the waveguide with orthogonal linear polarization. 
Both photons were coupled into the DCF with 25% ef- 
ficiency. Since the fiber was not polarization preserving, 
signal and idler photons carried elliptic, but still orthog- 
onal, polarization states at the fiber output. To restore 
their linear polarization we applied a quarter- and half- 
waveplate. Finally, a PBS split signal and idler, and they 
were guided to id201 InGaAs APDs. 

As the polarization rotation caused by the DCF was 
wavelength dependent we could not perfectly reconstruct 
the original linear polarization and thus unambiguously 
split signal and idler photons for their entire spectrum. 
Nevertheless, we were able to achieve a reasonable polar- 
ization contrast of 80% for both signal and idler beams. 
Since signal and idler were not degenerate in wavelength, 
we could identify and discard the photons that took the 
'wrong' path at the PBS by their arrival time, and thus 
the quality of our measured spectra were not degraded. 
In principle, all polarization-related problems would be 
avoided by separating signal and idler immediately after 
the waveguide. This, however, requires two DCFs. 

In the telecommunication wavelength regime, due to 
the small semiconductor bandgap, current APDs need 
to be operated in a gated mode to suppress dark counts 
and afterpulsing. We thus scanned the time domain by 
electronically delaying the laser trigger in steps of 100 ps. 
We selected the shortest possible gate width such that all 
detection events occurred in a (Jr, apb ~200ps window. 
The delay was independently varied for signal and idler. 
Each coincident detection event yielded a pair of arrival 
times that could be mapped to wavelengths with the 
measured calibration curve via (Ag, A^) = {c{rs) , c{ri)) . 

The calibration curve A = c(r + 6r) is unique up to 
an offset Sr which is introduced when the spectrometer 
is used in a setting where the optical path length differs 
from that of the calibration setup. We derived this offset 
by taking into account energy conservation ^ = ^ + 

i = drXsr) + ^(^IT^ of process. With this 

offset we were able to reconstruct both the marginal and 
the coincidence spectrum of our PDC source with high 
precision, as shown in Fig. [Sb. 

In summary, we have introduced a new technique for 
measuring directly the spectrum of ultrafast pulses at 
the single photon level using GVD in a highly dispersive 
fiber. We showed how to calibrate and apply such an ap- 
paratus for measurements at wavelengths of ?^1550nm 



with both high resolution and high signal-to-noise ratio. 
Thereafter, we enhanced our scheme to measure two- 
dimensional coincidence spectra, and thus demonstrated 
a characterization of the joint spectral intensity of signal 
and idler photons from a PDC source at telecommunica- 
tion wavelengths. Our approach might become even more 
attractive for current experiments performed at 800 nm 
as this offers the advantage of making full use of the 
DCF as a spectrograph, since no gating is required by 
visible light sensitive Si-APDs. Because of the simplic- 
ity and accuracy of our experimental setup we expect 
the DCF spectrograph to become a versatile tool for the 
characterization of optical quantum states. 
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